Abstract Fossil shells of planktonic foraminifera serve as the prime source of information on past changes in surface ocean conditions. Because the population size of planktonic foraminifera species changes throughout the year, the signal preserved in fossil shells is biased toward the conditions when species production was at its maximum. The amplitude of the potential seasonal bias is a function of the magnitude of the seasonal cycle in production. Here we use a planktonic foraminifera model coupled to an ecosystem model to investigate to what degree seasonal variations in production of the species Neogloboquadrina pachyderma may affect paleoceanographic reconstructions during Heinrich Stadial 1 (∼ 18-15 cal ka B.P.) in the North Atlantic Ocean. The model implies that during Heinrich Stadial 1 the maximum seasonal production occurred later in the year compared to the Last Glacial Maximum (∼ 21-19 cal ka B.P.) and the preindustrial era north of 30 ∘ N. A diagnosis of the model output indicates that this change reflects the sensitivity of the species to the seasonal cycle of sea ice cover and food supply, which collectively lead to shifts in the modeled maximum production from the Last Glacial Maximum to Heinrich Stadial 1 by up to 6 months. Assuming equilibrium oxygen isotopic incorporation in the shells of N. pachyderma, the modeled changes in seasonality would result in an underestimation of the actual magnitude of the meltwater isotopic signal recorded by fossil assemblages of N. pachyderma wherever calcification is likely to take place.
Introduction
The last glacial period was characterized by rapid climate changes with episodes of abrupt cooling in the North Atlantic region [Bond et al., 1992; Bard et al., 2000; Sanchez Goñi and Harrison, 2010] . During these Heinrich stadials (we refer here to a stadial containing a Heinrich event [cf. Rasmussen et al., 2014] -hence, a Heinrich stadial is longer [e.g., Stanford et al., 2011] than the associated Heinrich event) large discharges of icebergs from the northern hemispheric ice sheets entered the North Atlantic Ocean. Due to the melting of these icebergs and the subsequent release of freshwater it is hypothesized that the production of North Atlantic Deep Water was greatly reduced during those episodes [McManus et al., 1994 [McManus et al., , 1999 [McManus et al., , 2004 Sarnthein et al., 1995; Hemming, 2004; Stanford et al., 2006 Stanford et al., , 2011 .
The climatic conditions of each Heinrich stadial were associated with profound changes in the surface ocean properties in the North Atlantic [e.g., Bond et al., 1992; Labeyrie et al., 1995; Maslin et al., 1995; Sarnthein et al., 1995; Cortijo et al., 1997; Bard et al., 2000] , affecting marine plankton. As a result, each "Heinrich layer" is dominated by the polar planktonic foraminifera species Neogloboquadrina pachyderma (in the sense of Darling et al. [2006] ). Today, this species thrives in polar waters, where it accounts for almost 100% of the total planktonic foraminiferal flux to marine sediments . Studies of marine sediments and sediment trap records indicate that in the North Atlantic, the species dominates the planktonic foraminifera flux in areas where summer sea surface temperature (SST) remains below 10 ∘ C Duplessy et al., 1991; Hilbrecht, 1996] and appears to be largely absent in regions with summer SST above 23.7 ∘ C [Žarić et al., 2005] . Observations from stratified plankton tows indicate that in the Arctic and North Atlantic Ocean maximum abundances of live specimens of N. pachyderma consistently occur in the top 100 m of the water column [e.g., Vilks, 1970 Vilks, , 1975 Stehman, 1972; Carstens and Wefer, 1992; Kohfeld et al., 1996; Volkmann, 2000; Pados and Spielhagen, 2014; Xiao et al., 2014] . The exact position of the population maximum varies among the sampled Paleoceanography 10.1002/2015PA002819 regions and even between adjacent samples. In the North Atlantic, Pados and Spielhagen [2014] recorded maximum abundance mostly in their second shallowest sampled interval (50-100 m), but they also found high abundances in their shallowest sampled interval (0-50 m) both in the ice-free Fram Strait and under ice cover off East Greenland. In the Northeast Water Polynya, Kohfeld et al. [1996] recorded the abundance maximum of the species mostly between 25 and 50 m. In contrast, the species calcification depth deduced from stable isotope composition of adult shells appears to range from the surface mixed layer to the subsurface at depth below 100 m [Kohfeld et al., 1996; Bauch et al., 1997; Simstich et al., 2003 ].
The southward extension of this species during Heinrich stadials is well documented in marine sediments [e.g., Bond et al., 1992; Lebreiro et al., 1996; Cacho et al., 1999; Bard et al., 2000; Eynaud et al., 2009] , in particular during Heinrich Stadial 1 (H1, we refer here to the time span between 15 and 18 cal ka B.P.). In these sediments, geochemical signals in shells of this species are used to reconstruct surface ocean conditions during H1, including the magnitude of the presumed meltwater discharge [Hemming, 2004] . These reconstructions are critically dependent on the knowledge of the ecology of the species, including its calcification habitat and its phenology. During Heinrich stadials, the species expanded from polar to midlatitudes, which is unlikely not to have an effect on its phenology. Based on sediment trap data, the maximum productivity of N. pachyderma in the Nordic Seas occurs at present in the summer months (July-September) [Kohfeld et al., 1996; Jensen, 1998; Schröder-Ritzrau et al., 2001] , whereas in the western North Atlantic and in the Irminger Sea the flux pattern of temperate/cold water planktonic foraminiferal species (including Globigerina bulloides, Neogloboquadrina incompta, and N. pachyderma) appears to be bimodal with two distinct pulses during the year: one in spring and one in fall Jonkers et al., 2010 Jonkers et al., , 2013 Jonkers and Kučera, 2015] . Hence, the existing observational data indicate a shift in the phenology (from a unimodal to a bimodal pattern) with latitude for modern conditions. This effect in shifting phenology is not yet accounted for in the interpretation of proxy records, because it is difficult to constrain it by paleoecological data. However, phenology of planktonic foraminifera can be modeled as shown by Žarić et al. [2006] , Fraile et al. [2008 Fraile et al. [ , 2009a Fraile et al. [ , 2009b , and Lombard et al. [2011] .
In this study we investigate the distribution and seasonality of N. pachyderma in the North Atlantic Ocean (with the main focus on the area between 30 ∘ N and 80 ∘ N) during H1 and attempt to quantify the effect of shifting phenology in this species on proxy records. To this end, we modify the planktonic foraminifera model of Fraile et al. [2008] and drive it by H1 model simulations to obtain an estimate of monthly production of N. pachyderma during H1 throughout the whole North Atlantic and the resulting relative abundance of the species in the sediment. The fidelity of the model is tested by comparing the modeled distribution of the species with observations from marine sediment core records covering the time span of H1. The predicted phenology of the N. pachyderma flux during H1 is compared to modern (here referring to preindustrial) climate conditions and the Last Glacial Maximum (LGM, ∼ 21-19 cal ka B.P.), its sensitivity to the driving mechanisms is investigated, and the consequences of the observed shifts in the phenology for the interpretation of proxies based on this species are discussed. these genetic types differs, but they seem to occur globally and include a distinct morphotype corresponding to the concept of a different species [G. elongatus; Aurahs et al., 2011] . It is therefore possible that the calibration of this species is affected by the presence of different genetic types, which may lead to a poor fit between model and data. Fortunately, G. ruber (white) is rare in the focal area of this study in the North Atlantic (north of 30 ∘ N) and an accurate prediction of its abundance is only relevant at the northernmost edge of its distribution, which is more likely to be inhabited by fewer genetic types. G. bulloides in the North Atlantic includes at least three genetic types, which are very likely to possess different ecological preferences [Kucera and Darling, 2002; Darling and Wade, 2008] , and the parameterization of the species in PLAFOM thus represents an artificial category. N. incompta is known to encompass only two genetic lineages, of which only one occurs throughout the Atlantic [Darling et al., 2006] . This means that the parameterization of this species is more realistic, and any bias resulting from the lumping of these two lineages will affect the Atlantic results in the same way (i.e., it cannot account for spatial patterns in the model-data comparison). Most importantly, Darling et al. [2004 Darling et al. [ , 2007 have shown that the entire North Atlantic and Arctic Ocean are inhabited by a single genetic type of N. pachyderma, which is thus likely to share the same ecological preferences throughout the region. This means that although the calibration of the model for this species may be biased by observations of other genetic types in the Southern Ocean, the model performance in the North Atlantic should be consistent and patterns in the data-model mismatch cannot be explained by the occurrence of different genetic lineages of the species.
The planktonic foraminifera model is mainly driven by sea surface temperature and food availability, including zooplankton, small phytoplankton, diatoms, and organic detritus. Species specific food preferences and temperature tolerance limits have been derived from both sediment trap data and culturing experiments [e.g., Hemleben et al., 1989; Bijma et al., 1990; Watkins et al., 1996; Watkins and Mix, 1998; Arnold and Parker, 1999; Žarić et al., 2005] . Variations in the foraminifera concentration are determined by the growth and mortality rates of the population as follows:
where F is the foraminifera carbon concentration, GGE (gross growth efficiency) is the portion of grazed matter that is incorporated into foraminiferal biomass, TG denotes total grazing, and ML represents mass loss. The total grazing is determined by food availability and temperature sensitivity of the foraminiferal species. The mass loss (mortality) depends on the natural death rate (respiration loss), predation by higher trophic levels, and competition. Compared to Fraile et al. [2008] , we modified the parameterizations of the foraminiferal species concentration to optimize the agreement between model and species distribution from core tops and sediment trap data. We adjusted the free parameters in the competition terms of G. ruber (white) and G. sacculifer (for details see the Appendix). These modifications resulted in a reduction of the global root-mean-square error (RMSE) between the modeled annual mean and core-top relative abundances of the species under consideration by 2 to 5% compared to Fraile et al. [2008] .
PLAFOM is run within an ecosystem model for the global surface ocean [Moore et al., 2002] , which provides information on the food availability for the foraminiferal species. Initially, the model is spun-up for 2 years to allow an equilibrium state to be reached [Moore et al., 2002] . Afterward, the output from a third year is saved with monthly resolution. The longitudinal resolution amounts to 3.6 ∘ and the latitudinal resolution varies between 1 ∘ and 2 ∘ , with a higher resolution near the equator. A detailed description of the foraminiferal model and its behavior in the global domain is given in Fraile et al. [2008] .
Model Experiments
To compare the behavior of N. pachyderma during glacial-interglacial periods, we performed three experiments with different environmental conditions: The control run was forced with modern (i.e., preindustrial) conditions, and the second and third runs with conditions concerning H1 and LGM, respectively. The ecosystem/foraminifera model is driven by global monthly estimates of a number of forcing parameters. Furthermore, the model equations are solved using a fifth-order Runge-Kutta method with an adaptive time step. The interpolation is performed in regular intervals resulting in monthly output.
In the control run, the model forcing includes sea surface temperature (from the World Ocean Atlas 1998) [Conkright et al., 1998 ], surface shortwave radiation [Bishop and Rossow, 1991; Rossow and Schiffer, 1991] , mixed layer depth [Monterey and Levitus, 1997] , vertical velocity at the base of the mixed layer (from the NCAR-3D ocean model) [Gent et al., 1998 ], constant turbulent mixing at the base of the mixed layer (0. Moore et al. [2002] for details), and atmospheric iron flux [Mahowald et al., 1999] .
For the H1 and LGM runs we used climate simulations of Merkel et al. [2010] to force the foraminifera model with SST, mixed layer depth, surface shortwave radiation, sea ice fraction, and vertical velocity at the base of the mixed layer. Merkel et al. [2010] conducted a LGM simulation following the second phase of the Paleoclimate Modeling Intercomparison Project 2 [Braconnot et al., 2007a [Braconnot et al., , 2007b and an idealized Heinrich experiment initialized from the LGM boundary conditions with an additional freshwater anomaly of 0.2 Sv homogeneously distributed over the Nordic (Greenland, Iceland, and Norwegian) Seas (north of 65 ∘ N). The experiments have been performed with the global coupled Community Climate System Model version 3 (CCSM3) [Collins et al., 2006; Yeager et al., 2006] . Additionally, we used atmospheric iron fluxes of the LGM from Mahowald et al. [1999] as forcing for both our H1 and LGM simulations assuming that the dust deposition flux from the atmosphere has not changed considerably from the LGM to H1. In order to circumvent artificial effects caused by differences between modern boundary conditions used in the ecosystem model (largely observations) and the climate model, we used the same approach as Fraile et al. [2009b] and calculated anomalies of the modeled climatological forcing (i.e., for H1 and LGM with respect to preindustrial conditions). The respective anomalies were then added to the modern forcing of the ecosystem/foraminifera model.
Sediment Samples
To assess the ability of PLAFOM to reproduce the spatial pattern of variability of N. pachyderma in the North Atlantic during interglacial-glacial periods, model predictions (we refer here to the annual mean) were compared with fossil data. To this end, the five species modeled by PLAFOM have been aligned with the taxonomic concepts used for fossil planktonic foraminifera. Thus, until the publication of Darling et al. [2006] , N. pachyderma has been referred to as N. pachyderma (sin.), whereas the species N. incompta corresponds to N. pachyderma (dex.). Following the arguments in Kucera et al. [2005] , the fossil concept of N. incompta also includes specimens identified as the so-called "pachyderma-dutertrei intergrade." The concepts of G. bulloides and G. ruber (white) have typically been used consistently in the North Atlantic. In G. sacculifer, the form without a sac-like last chamber has often been referred to as Globigerinoides trilobus. In this study, both the model parameterization and the data-model comparison refer to the sum of specimens with and without the sac-like final chamber, consistent with the genetic results by André et al. [2013] .
For modern conditions we used core-top data assembled by the MARGO project . For the LGM we used planktonic foraminiferal census data from the MARGO LGM data set . In order to compare our model data with observational records for H1, we produced a new compilation of planktonic foraminiferal abundances of the five species under consideration (see supporting information).
First, the PANGAEA database (www.pangaea.de) was searched to identify sediment cores from the MARGO LGM compilation with planktonic foraminiferal counts that appear to include samples from H1. The search was then extended by publications addressing the last glacial period with a particular focus on both the last 30,000 years (ka) and paleoceanographic reconstructions based on planktonic foraminifera [e.g., Mix and Ruddiman, 1985; Hayes et al., 1999 Hayes et al., , 2005 Vogelsang et al., 2001; Weinelt et al., 2003; Eynaud et al., 2009; Telford et al., 2013] . Finally, the PANGAEA database was searched for all sediment core records in the North Atlantic containing counts of N. pachyderma. Then, cores where the counts were based on an inappropriate size fraction (other than >150 μm) were removed, as well as cores where not all species were counted (i.e., the relative abundance of N. pachyderma is available in these cores, but is related to all other species, not just the five species used in PLAFOM). The remaining cores were checked for their age models. Cores without accelerator mass spectrometry 14 C dating or conventional 14 C dating (based on the coarse-grained carbonate fraction)
or cores with only one date in the top 30 ka have been removed. To be consistent with the majority of the included paleoceanographic studies in which a reservoir age of 400 years is assumed [e.g., Bard, 1988; Sarnthein et al., 1995; Bauch et al., 2001; Voelker et al., 2009; Salgueiro et al., 2010] , all radiocarbon ages of the remaining cores have also been corrected for a marine reservoir age of 400 years. However, we are aware that reservoir ages might have been considerably higher during H1, especially in the North Atlantic [Waelbroeck et al., 2001; Sarnthein et al., 2007] due to temporal and spatial variations in the atmospheric 14 C production and ocean circulation [Franke et al., 2008] . Finally, the corrected 14 C ages have been converted to calendar ages by using INTCAL13 [Reimer et al., 2013] . In total, we selected 34 sediment cores ( Figure 1 and Tables 1 and 2 as well as the supporting information.
To this end, we identified the interval of H1 in each core as the time slice between 15 and 18 cal ka B.P. [cf. Bard et al., 2000; Sarnthein et al., 2001; Kienast et al., 2013] and determined the respective depth intervals (see supporting information) and collected and averaged the faunal records for this interval in each of the included cores.
Scaling of PLAFOM Output to Observed Relative Abundances of Individuals
To perform a comparative analysis, the relative abundances of the planktonic foraminifera species in fossil assemblages have been recalculated taking only those five foraminiferal species into consideration that are used by PLAFOM. Since PLAFOM calculates foraminiferal concentrations via carbon biomass (mmol C/m 3 ) modeled annual mean relative abundances (% biomass) were converted to annual mean relative abundances of the number of specimens (% individuals) accounting for the differences in weight and size and thus age (i.e., adults versus juveniles) of each species. For this conversion, the predicted mass flux-based annual mean relative abundance of N. pachyderma was scaled to the relative abundance of individuals using a logistic function. In total, we used 843 sediment cores (compiled by the MARGO project) distributed across the North Atlantic to perform a robust comparative analysis between modeled annual mean relative abundances and core-top data.
Considering modern conditions in the North Atlantic a sinusoidal rather than linear relationship exists between the modeled (i.e., based on biomass) annual mean and core-top relative abundances of N. pachyderma (Figure 2a ).
For low relative abundances (< 30%) in the observational records PLAFOM has the tendency to overestimate the relative abundance of N. pachyderma, whereas for high relative abundances (> 70%) PLAFOM features an underestimation. This systematic bias arises from variations especially in size among the species being considered in PLAFOM. Additionally, PLAFOM predicts planktonic foraminiferal concentrations of only five species for the global domain, such that in the model parameterizations different genetic lineages of the species are considered, which are actually absent in the North Atlantic, whereas some North Atlantic species KRETSCHMER ET AL.
N. PACHYDERMA DURING HEINRICH STADIAL 1 are ignored by the model [cf., Kucera, 2007; Fraile et al., 2008] . These discrepancies collectively result in an offset between modeled and observed relative abundances of N. pachyderma.
Here we corrected this offset by applying a logistic fit (equation (2)):
with x being the annual mean relative abundance of N. pachyderma, f inf = 99% (value as x → ∞), = 0.1 (decay constant), and x 1∕2 = 47% (symmetric inflection point). Using equation (2) leads to a better agreement between PLAFOM and the observations from surface sediments for lower (< 20%) and higher (>80%) relative To perform intercomparison studies among different time slices, we decided to use the same model parameterizations for the foraminiferal species concentration developed by Fraile et al. [2008] and further adjusted in this study (cf. section 2.1 and the Appendix) to predict the abundances of the five species considered in PLAFOM for H1 and the LGM. The foraminifera model has been calibrated based on global core-top planktonic foraminiferal counts [Fraile et al., 2008] . It was shown by Fraile et al. [2008] (refer to Figures 2-6 therein) that PLAFOM reproduces in the annual mean the global distributions of the five planktonic foraminiferal species under consideration for modern conditions relatively well with RMSEs ≤ 25%. To assess the deviation between the observed and predicted (we refer here to the annual mean) planktonic foraminiferal distributions, we calculated the root-mean-square error. For this, we applied the same approach as Fraile et al. [2008] and compared the data of each sediment sample with the nearest model grid point. This analysis was performed for each time slice separately. 
Model Validation: Modeled Seasonal Patterns Versus Observations
To test whether our model matches the present-day seasonal production pattern in the North Atlantic, we compared the modeled distribution for modern conditions with observational data from five sites with sediment traps ( Figure 3 and Table 2 ). Here we followed the same approach as Jonkers and Kučera [2015] and plotted fluxes for multiple years from each location on a log 10 scale against day of year, while replacing zero fluxes with half of the observed minimum flux (Figure 3 ). This conversion allows a direct comparison of the dominant timing of the observed maximum flux at a given site with the model, which is driven by long-term climatological means. Furthermore, we assume that the shell flux through the water column is proportional to the surface concentrations.
In the Nordic Seas (sites GS2, OG5, and NB6/7) the peak flux of N. pachyderma and N. incompta occurs in the second half of a year. The predicted seasonal flux is more focused, but the timing of the seasonal maximum is in good agreement with the observations (Figures 3a-3d ). The flux patterns in the Irminger Sea and eastern North Atlantic (sites IRM and JGOFS48) show two flux maxima per year: one during late spring and a second smaller maximum during early fall. PLAFOM does not capture such a bimodal pattern, but the timing of the predicted productivity maximum corresponds with one of the two observed peak seasons (Figures 3e-3h ). The reason why the modeled flux fails to reproduce the observed pattern with two seasonal peaks is likely to be sought in the climatological forcing. This long-term average in the forcing variables removes the interannual and multiannual variability which is still present in the observational data (although not shown in Figure 3 ). Furthermore, it is known that the timing of the peak season(s) of temperate and cold water species of planktonic foraminifera in the North Atlantic is linked to the timing of phytoplankton blooms and hence food supply [e.g., Fairbanks and Wiebe, 1980; Wolfteich, 1994; Kohfeld et al., 1996; Jonkers and Kučera, 2015] . Phytoplankton phenology features a latitudinal pattern with a single spring bloom in the polar and subpolar Atlantic, a bimodal cycle (i.e., one large peak in spring and a smaller one in fall) in the temperate North Atlantic (∼40-60 ∘ N), a single fall/winter bloom in the subtropical Atlantic, and no predominant seasonal peak in the tropical Atlantic [e.g., Colebrook, 1979 Colebrook, , 1982 Parsons et al., 1984; Taboada and Anadón, 2014] . Although the ecosystem model is able to capture the seasonal cycle of phytoplankton across most of the (North) Atlantic [cf. Figure 4 in Moore et al., 2002] , the bimodal pattern characteristic for the temperate North Atlantic is not fully resolved. This leads to a discrepancy between the modeled and observed seasonal patterns in planktonic foraminifera shown in Figure 3 . It is nonetheless encouraging that the model appears to capture the timing of the peaks in the North Atlantic and also reproduces the general shift in peak season between the Nordic Seas and the more southerly locations (Figure 3 ).
Results

Relative Abundances of N. pachyderma
In general, the model results are in good agreement with the observational records. Among the three time slices the RMSE for the whole North Atlantic Ocean varies between ∼ 11 and ∼ 17%. Although the error is larger for H1 (∼ 14%) and LGM (∼ 17%), it is of the same order of magnitude as the modern one (∼11%).
During H1 the highest (up to 100%) modeled annual mean relative abundances (here given in % individuals after applying equation (2) for the conversion) of N. pachyderma in the North Atlantic Ocean are found in polar and subpolar surface waters (Figure 4a ). Toward the south the occurrence of N. pachyderma reduces gradually. This species is, however, present as far south as ∼36 ∘ N along the Iberian margin.
In comparison with modern ( Figure 4b ) and LGM (Figure 4c ) conditions, the modeled mean annual range of N. pachyderma has expanded southward during H1. In particular, its annual mean distribution in the eastern North Atlantic reaches all the way along the Iberian margin. In the western basin of the North Atlantic the differences, especially between LGM and H1, are less pronounced.
Seasonality of N. pachyderma
During modern conditions the highest modeled flux of N. pachyderma throughout the North Atlantic occurs during spring from May to June (Figure 5a ) which is supported by observations based on plankton tows and/or sediment traps [e.g., Tolderlund and Bé, 1971; Jonkers et al., 2010] . In contrast, during H1 the modeled maximum production occurs more often throughout boreal summer (Figure 5b ), whereas during the LGM maximum production is reached during late spring/early summer in PLAFOM ( Figure 5c ). As a result, the seasonal production maximum is shifted for H1 and LGM relative to modern conditions by 1-5 months in large parts of the North Atlantic (cf. Figures 5d and 5e ). Here the maximum production occurs predominantly later in the year during the considered glacial times compared to modern conditions resulting in a seasonal shift. According to the model, maximum production is shifted by 1-2 months between H1 and the LGM for most of the North Atlantic (Figure 5f ), leading to a clear seasonal bias. This bias is largest northeast of Newfoundland between 30 ∘ and 45 ∘ W, where the maximum in production occurs up to 6 months later during H1 relative to the LGM. Here H1 is characterized by a maximum flux in late summer/fall, whereas during the LGM the maximum production occurs as early as in March.
Discussion
Glacial Range Expansion of N. pachyderma
In line with the fossil record, the mean annual range of N. pachyderma predicted by PLAFOM expanded southward during the last glacial period. In response to cold water masses reaching up to 40 ∘ N [Sarnthein et al., 1995 Pflaumann et al., 2003; Kucera et al., 2005; Eynaud et al., 2009] , N. pachyderma is predicted to dominate foraminifera assemblages during H1 and LGM as far south as the Iberian margin (Figure 4) . Although the coverage of the validation data is less comprehensive than modern observations, the fossil data of both H1 and LGM compare favorably with the model predictions with RMSEs being in the same range as for modern conditions. This supports our modeling strategy of using PLAFOM for different climatological boundary conditions.
When comparing H1 with LGM annual mean model distributions of N. pachyderma, the most pronounced differences arise in the eastern subpolar North Atlantic, whereas in the western part of the North Atlantic the spatial distributions are similar (Figures 4a and 4c) . The western subpolar North Atlantic features cold surface temperatures during glacial-interglacial periods [Sarnthein et al., 1995 Pflaumann et al., 2003] , whereby during modern conditions the Labrador Current transports cold waters southward in the oceanic mixed layer. These conditions favor high abundance (>50%) of N. pachyderma in that area during both interglacial and glacial periods. In contrast, the eastern North Atlantic is influenced during modern conditions by subtropical-sourced water masses, whereby the North Atlantic Current transports warmer waters Figure 5f the maximum production occurred later in the year during H1 compared to the LGM. The black line in Figure 5f denotes the transect chosen for the comparative analysis discussed in section 4.2. The numbers (1-3) along the transect indicate the approximate positions of the three investigated areas (cf. Figure 6 ).
northward toward the Nordic Seas/Arctic Ocean, resulting there in a limited presence (<10%) of N. pachyderma (Figure 4b ).
During glacial periods (here H1 and LGM) cold surface conditions (with SST < 10 ∘ C) prevailed in the northeastern Atlantic [Sarnthein et al., 1995; Pflaumann et al., 2003 ], leading to a high relative abundance (> 80%) of N. pachyderma up to ∼50 ∘ N. However, during H1 this species is found as far south as ∼36 ∘ N and was even present to a small extent in sediment cores of the Mediterranean (cf. Figure 1 ) [Hayes et al., 1999 [Hayes et al., , 2005 . The relatively high modeled and observed abundance of N. pachyderma (20-70%) along the Iberian margin indicates a penetration of polar surface waters at lower latitudes. This behavior is in agreement with previously published results of Eynaud et al. [2009] . Based on the abundance of N. pachyderma, Eynaud et al. [2009] showed that during Heinrich Stadials 1 and 4 the Polar front shifted southward close to 42 ∘ N and was present along the Iberian margin, suggesting a far southward penetration of polar surface waters.
Our results further support the findings of, e.g., Bard et al. [2000] , de Abreu et al. [2003], and Eynaud et al. [2009] that the LGM was characterized by warmer surface waters along the Iberian margin as the modeled and observed percentages of N. pachyderma are less than 10% (Figure 4c ). Previous studies provide evidence of warm, nearshore surface waters along the eastern North Atlantic during the LGM, indicating that the Polar front is absent along the Iberian margin and is located farther northward around 50 ∘ N [cf., Eynaud et al., 2009] .
Based on the existing observational records it is evident that changes in the SST from LGM to H1 to modern conditions most likely led to the change in the distribution of N. pachyderma. This is also true for our model results. The shift in the modeled annual mean abundance pattern of N. pachyderma (Figure 4 ) is mainly
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controlled by the SST forcing (cf. Figure S1 in the supporting information). In the eastern subpolar North Atlantic the annual mean SST shows more distinct differences compared to the western North Atlantic between the investigated time slices ( Figure S1 ). For instance, the +10 ∘ C mean annual isotherm was shifted southward during the last glacial period (i.e., toward ∼ 50 ∘ N during the LGM and toward ∼ 40 ∘ N during H1) compared to modern conditions, where this isotherm is located around 60 ∘ N in the eastern subpolar North Atlantic ( Figure S1 ). This latitudinal shift in the annual mean SST is the main driving force for the simulated changes in the distributional pattern of N. pachyderma.
In summary, the change in the range seen in the paleoceanographic reconstructions is faithfully reproduced by our model (Figure 4) . Hence, we can use PLAFOM to study the possible cause of the shift in maximum production of N. pachyderma.
The Seasonality of N. pachyderma
In general, it seems plausible that a shift by a few months in the phenology of N. pachyderma is caused by changing environmental conditions (e.g., SST and/or sea ice cover) from the LGM to H1.
To test the robustness of the model performance and to investigate in detail the cause(s) of the clear seasonal shift in phenology, we focus our analysis on the region with the largest magnitude of change. Therefore, we exemplarily chose three areas in the western North Atlantic enclosing the region where the most distinct difference in the modeled maximum production of N. pachyderma between H1 and LGM appeared (see Figure 5f ).
Mackas et al. [2012] suggested that zooplankton phenology is primarily controlled by temperature. Several other studies [e.g., Hemleben et al., 1989; Wolfteich, 1994; Jonkers et al., 2010 Jonkers et al., , 2013 Jonkers and Kučera, 2015] , however, considered mixed layer depth, light, food, and nutrient availability as key parameters influencing the phenology of planktonic foraminifera. In high latitudes, seasonal changes in temperature are highly collinear with most of the other parameters, making it hard to resolve the direct forcing. Nevertheless, a meta-analysis by Jonkers and Kučera [2015] revealed that the trigger for annual peaks in temperate and cold water species of planktonic foraminifera is unlikely to be linked to temperature as such, because they occur at different locations irrespective of the ambient temperature. Instead, peak fluxes of N. pachyderma appear to be associated with the timing of the seasonal phytoplankton bloom events resulting in an increased food supply [e.g., Fairbanks and Wiebe, 1980; Wolfteich, 1994; Kohfeld et al., 1996; Jonkers and Kučera, 2015] . A relationship between the seasonal flux of this species and the seasonal distribution of phytoplankton is also implied in our model results. During H1 and LGM a unimodal pattern in the modeled flux of N. pachyderma can be observed in the western North Atlantic (Figure 6 ), which we will in the following mainly attribute to sea ice cover, food availability, and only in a broader sense to temperature, which indirectly affects primary production.
The farther south, the earlier the seasonal peak in N. pachyderma production occurs during H1. We attribute this effect to an earlier reduction in sea ice cover facilitating an earlier phytoplankton bloom. The large differences in sea ice cover between H1 and LGM ( Figure 6b ) are most likely the main cause for the clear shift in the modeled maximum production peak of N. pachyderma between H1 and LGM in the western North Atlantic (Figures 5f and 6a ).
During the LGM the modeled sea ice cover remained relatively constant at rather low values (0-30%) for all the three chosen regions, whereas H1 is characterized by a strong seasonal cycle in sea ice fraction with higher values (up to 90%) in the winter months and a low sea ice cover during boreal summer (Figure 6b ). The low persisting sea ice concentrations for the three exemplarily chosen areas during the LGM are consistent with the findings of de Vernal et al. [2000 de Vernal et al. [ , 2005 and Sarnthein et al. [2003] . Based on foraminiferal paleotemperature estimates and/or dinocyst assemblages [de Vernal et al., 2000 [de Vernal et al., , 2005 , LGM sea ice extent has been reconstructed, showing that ice-free (sea ice cover < 50%) conditions prevailed throughout the year in the subpolar gyre south of 50 ∘ N and east of 45 ∘ W. In contrast, Hillaire-Marcel and de Vernal [2008] argue that during Heinrich stadials (especially H1) the sea ice cover was more extensive resulting in light 18 O values recorded in N. pachyderma most likely due to the production of isotopically light brines during the sea ice formation. The simulated sea ice cover (used as forcing for our model) also shows a more extensive and widespread distribution over the North Atlantic during H1 compared to the LGM, which supports the findings of Hillaire-Marcel and de Vernal [2008] . However, the resulting change in the 18 O values of N. pachyderma would have the same sign when considering brine rejection from sea ice formation processes.
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N. PACHYDERMA DURING HEINRICH STADIAL 1 As primary productivity is decisively influenced by sea ice [e.g., Arrigo et al., 2008; Arrigo and van Dijken, 2011; Leu et al., 2011] , the predicted diatom bloom occurs later during the year during H1 (Figure 6c ) because of a higher, prolonged sea ice concentration and hence a lower assumed light transmittance compared to the LGM. This induces a shift in the modeled maximum production peak of N. pachyderma from LGM to H1 in Regions 1 and 2 (Figure 6a ). Diatoms are most abundant in cold and nutrient-rich environments [Smetacek, 1985; Crosta and Koç, 2007] , and their population increases with increasing light availability if sufficient amounts of nutrients are present [Smetacek, 1985; Anderson, 2000; Arrigo et al., 2012] . The rather late predicted peak in N. pachyderma in boreal summer during the LGM and H1 is due to the late (in comparison with present day) occurring diatom bloom (based on our model simulation) caused by the prevailing climate conditions influencing the nutrient concentrations. In general, a diatom peak is followed by a peak in the biomass of N. pachyderma which is also evident in our model results (see Figure 6 ). This is supported by the synthesis of Jonkers and Kučera [2015] , in which they showed (based on sediment trap data) that the timing of primary productivity serves as a predictor of the peak flux timing of temperate/cold water foraminiferal species (including N. pachyderma).
The modeled biomass of N. pachyderma produced during the LGM is mainly considerably higher than during H1, which might be connected to a larger, less transparent sea ice fraction during H1 and also to a lower nutrient concentration and consequently a smaller diatom population predicted during H1 (cf. Figure 6 ). The reduction in foraminiferal biomass from the LGM to H1 can in part be associated with a decrease in the primary productivity and also reflects the dilution with ice-rafted debris (IRD) being deposited [Bond et al., 1992; Broecker, 1994] . Bond et al. [1992] further suggested that the reduction in N. pachyderma could also be related to changes in sea surface temperature and/or salinity making the surface layer inhospitable to the species. In marine sediment records light 18 O values recorded in N. pachyderma are evident during H1 [e.g., Bond et al., 1992; Broecker, 1994; Sarnthein et al., 1995; Hillaire-Marcel and de Vernal, 2008; Stanford et al., 2011] . The light isotopic excursions might either be a signal for meltwater (i.e., low salinity pulses) [Bond et al., 1992; Broecker, 1994; Stanford et al., 2011] or might correspond to an enhanced sea ice formation producing isotopically light brines [Hillaire-Marcel and de Vernal, 2008; Stanford et al., 2011; Pearson, 2012] . In contrast, sediment deposited during the LGM is characterized with high
18 O values of, for instance, N. pachyderma [e.g., Sarnthein et al., 1995; Hillaire-Marcel and de Vernal, 2008] indicating a low rate in sea ice production in the North Atlantic. Hillaire- Marcel and de Vernal [2008] conclude that the shift in the 18 O values from the LGM to H1 should not only be interpreted in terms of paleosalinity and/or paleotemperature changes but also in regard of the differences in the sea ice formation. This interpretation supports our findings that the modeled seasonal shift in the maximum production of N. pachyderma from LGM to H1 is likely caused by the differences in the sea ice concentration and consequently in the primary productivity (cf. Figure 6 ).
Quantifying the Effect of Shifting Phenology on Stable Isotope Signals in N. pachyderma
The change in the timing of the maximum production peak from the LGM to H1 (and likewise to present day) could lead to a bias in paleoceanographic reconstructions (based on, e.g., oxygen isotope signals recorded in N. pachyderma) of surface water properties. The isotopic signature of N. pachyderma in marine sediments is related to local temperature, local hydrography, and global ice volume. Hence, differences in the 18 O values between H1 and the LGM (e.g., Figure 8 and Tables 3 and 4) arise in part from changes in those (surface water) properties [Bond et al., 1992; Ravelo and Hillaire-Marcel, 2007; Hillaire-Marcel and de Vernal, 2008; Pearson, 2012] . In order to assess to what extent the seasonal differences between H1 and LGM in the maximum production month of N. pachyderma (Figure 5f ) 
where T is the temperature (in ∘ C) and w denotes the 18 O values of the ambient seawater. We focus on the temperature effect, i.e., we assume w = const. and neglect any freshwater effect. We are aware that the large freshwater input into the North Atlantic during H1, due to the melting of vast amounts of icebergs, resulted in a decrease of up to 2‰ in the 18 O of polar foraminifera [Cortijo et al., 1997; Roche et al., 2004] . However, a part of this signal could also be due to a changing seasonality, i.e., the signal preserved in the planktonic foraminifera shells reflects a different season as assumed when reconstructing surface water properties. Seasonal variations in planktonic foraminiferal fluxes are influenced by changes in phytoplankton productivity, the thermal structure of the water column, and SST [Žarić et al., 2005, 2006] , which likewise could affect their isotopic signature. Furthermore, the prevailing environmental conditions during glacial periods (here H1 and LGM) might have favored a different calcification depth and/or carbonate precipitation might have occurred at another time compared to present day due to a changing seasonality. The productivity/phenology of planktonic foraminifera can in part be linked to the seasonal cycle of temperature [Žarić et al., 2005; Jonkers and Kučera, 2015] . Mackas et al. [2012] found that temperature might serve as a timing cue for zooplankton (including planktonic foraminifera) to indicate suitable environmental conditions for their growth and reproduction. This is supported by Jonkers and Kučera [2015] who showed that for tropical/subtropical species (e.g., G. ruber (white), G. sacculifer) the phenology is mainly driven by temperature. However, for temperate/cold water species primary productivity seems to serve as the timing cue (cf. section 4.2). Our model results also indicate that temperature has a rather indirect effect on the productivity of N. pachyderma. This is consistent with the review of observational data by Xiao et al. [2014] who also concluded that temperature is not the key factor controlling the 18 O of N. pachyderma shells in Arctic Ocean sediments. This supports our approach to focus on productivity as the main factor affecting the shift in seasonality during climate transitions.
To estimate the extent of the seasonality effect regarding the modeled shift in phenology between H1 and the LGM, we consider two different cases: (1) the productivity of N. pachyderma varies seasonally and may affect sedimentary 18 O and (2) the productivity of N. pachyderma is constant, thus independent from changes in the prevailing environmental conditions. To this end, we calculated the difference between either the weighted annual averages (Δ 18 O c w , first case) or the arithmetic annual means (Δ 18 O c , second case) in the derived 18 O c for H1 and LGM based on equation (3) and different temperature estimates. Finally, the effect of seasonality can be determined by differentiation between a seasonality in the productivity and assuming a constant monthly productivity of N. pachyderma. For case 1 (i.e., the production weighted case) we consider the temperature and seasonality effect by calculating the weighted annual average in 18 O c by using the productivity of N. pachyderma:
where 18 O c w is the weighted annual average of the theoretical 18 O values of inorganic calcite (in ‰), w i is the monthly productivity of N. pachyderma (in mmol C/m 3 ), and 18 O c i are the monthly theoretical 18 O values of inorganic calcite based on equation (3) (in ‰). For case 2 (i.e., the unweighted case) we consider the temperature effect (as given by equation (3)) only by calculating the arithmetic mean as we assume that productivity has no impact. Therefore, the annual average of the theoretical 18 O of inorganic calcite, 18 O c , is determined by using equation (4) with w i = 1 for all i.
We calculated for modern, H1, and LGM conditions the theoretical 18 O values of inorganic calcite (i.e., 18 O c ) for cases 1 and 2 and finally determined the effect of seasonality by comparing the two cases (i.e., 18 O c w − 18 O c ) (Figures 7 and 9 ). Since we are most interested in the effect of shifting phenology on the stable isotope signals in N. pachyderma during the last glacial period we focus our analysis on the difference in the simulated 18 O c values (calculated based on the different considered cases) between H1 and the LGM. Additionally, we assessed the potential effect of calcification depth by using three different temperature estimates to calculate the theoretical 18 O values of inorganic calcite. Here we distinguish between carbonate precipitations occurring at the surface, at the mixed layer depth (MLD), and/or along the thermocline.
As described in section 2.2 we employ monthly temperature (covering the whole water column) and mixed layer depth estimates from Merkel et al. [2010] for H1 and the LGM. For modern conditions we used the additionally include the 18 O core-top data (in ‰) of N. pachyderma (circles) given in Waelbroeck et al. [2005] . The respective root-mean-square error is denoted by RMSE and has been calculated using 129 core-top samples when considering SST, MLD temperatures, or thermocline temperatures as input in equation (3).
temperature estimates of the World Ocean Atlas 1998 [Conkright et al., 1998 ] as well as the MLD values of Monterey and Levitus [1997] . For calculating the simulated 18 O c values at the surface we used the modeled monthly SST estimates as temperature input in equation (3). To obtain the monthly temperature at the MLD, we extracted those temperature values given at the depth closest and/or equal to the provided MLD values for each grid point and every month. We note that for modern conditions the provided MLD differed between 25 and 999 m, for H1 between 25 and ∼1022 m and for the LGM between 25 and ∼1615 m in the region of interest (i.e., 30-80 ∘ N, 75 ∘ W-15 ∘ E). Monthly temperature at the thermocline in turn has been determined by extracting the temperature values at the depth where the vertical temperature gradient is maximum. This led to a thermocline depth differing between 20 and 1225 m for modern conditions, 20 and 1404 m for H1, and 20 and 760 m for the LGM in the region being examined. To smooth the data we additionally applied a boxcar running mean along the longitudinal and latitudinal axes with a window size of 9 × 9 grid points. Along the coastlines a fewer number of grid points are used for the averaging depending on the amount of missing (i.e., land) values present. For all three temperature estimates we used the monthly productivity of N. pachyderma as weights in equation (4). Since N. pachyderma thrives at the surface due to the plankton living there, it is not Table 4 ). The color code corresponds to the one used in Figure 9a .
necessary to recalculate the monthly productivity of N. pachyderma considering the temperature along the MLD and/or thermocline even though N. pachyderma calcifies most likely at greater depths.
18 O c Signature During Modern Conditions
Using the temperature estimates for three different depths yields similar spacial patterns in the simulated 18 O c distribution with higher values (> 3 ‰) in the North and lower values (< 1‰) in the South for considering both the seasonality/temperature as well as the temperature effect itself (Figure 7 ). This is consistent with the isotopic signals in the core-top data based on N. pachyderma shells for the North Atlantic (i.e., between 50 ∘ N and 80 ∘ N) [Waelbroeck et al., 2005] . We used in total the 18 O values recorded in N. pachyderma shells of 129 core-top samples compiled by Waelbroeck et al. [2005] for a comparison with the derived estimates at the surface, the MLD, and the thermocline depth. The RMSE between the modeled nearest grid points and the core-top data is rather low with values between 0.62 ‰ (seasonality/temperature effect) and 0.68 ‰ (temperature effect) using SST, 0.60 ‰ (seasonality/temperature effect) and 0.68 ‰ (temperature effect) using MLD temperatures, and/or 0.52 ‰ (seasonality/temperature effect) and 0.62 ‰ (temperature effect) using thermocline temperatures as basis of calculation for the simulated 18 O c values ( Figure 7 ).
Our results show that considering the productivity of N. pachyderma to determine the theoretical 18 O values (i.e., the seasonality/temperature effect) leads to a smaller RMSE as only taken the temperature effect into account by itself. Hence, the seasonality effect, which causes to a large extent a negative isotopic signal in the North Atlantic, except for the North Sea and parts of the subtropical gyre (Figures 7c, 7f , and 7i), should not be neglected when reconstructing surface water properties.
Although the distributional patterns in the isotopic signature of the considered effects (seasonality/temperature, temperature, and seasonality) differ only slightly among the three different used temperature estimates, the simulated 18 O c values based on the temperature at the thermocline depth fit the observations best (Figures 7g and 7h) . However, the RMSE is of the same order of magnitude when assuming that calcification occurs either at the surface or at depth, which indicates that the exact calcification depth of N. pachyderma is not well determined from observational records yet as it appears to range from the surface mixed layer to a depth below 100 m [Kohfeld et al., 1996; Bauch et al., 1997; Simstich et al., 2003] . This, however, gives us increased confidence to use our approach for the investigation of the seasonality effect on stable isotopes in N. pachyderma during the last glacial period.
18 O c Signature During the Last Glacial Period
For reasons of comparability, we searched the PANGAEA database for sediment core records with 18 O values based on N. pachyderma encompassing both the H1 and LGM time slice in the North Atlantic between 40 ∘ and 60 ∘ N (i.e., the area with the largest differences in the maximum production month between H1 and the LGM shown in Figure 5f ) ( Figure 8 and Table 3 ). Based on the six core locations we used the nearest model grid points for our analysis of the change in phenology (Figure 9 and Table 4 ). 
Changes in
18 O c Based On SST Estimates Differences between H1 and LGM in the simulated 18 O c at the surface that are estimated using both the productivity weighted and arithmetic annual means are, except for the south-western North Atlantic, positive (Figures 9a and 9b) as SST is the only determining parameter to calculate the theoretical 18 O values of inorganic calcite (cf. equation (3)). Based on the model, the positive values during H1 reflect the observation that the modeled surface ocean was colder in most areas of the North Atlantic Ocean compared to the LGM, which is consistent with reconstructions [e.g., Bard et al., 2000; Liu and other, 2009] .
By comparing the differences (H1-LGM) in the simulated 18 O c values which have been determined by considering a seasonal cycle in productivity (case 1; Figure 9a ) with those only being defined by the prevailing ambient sea surface temperature (case 2; Figure 9b ) it is evident that the extent of primary productivity controlling the phenology differs between western and eastern North Atlantic (Figure 9c ). In the western North Atlantic, where the strongest shift in the modeled maximum production month of N. pachyderma from LGM to H1 occurred (Figure 5f ), the seasonality in the primary production (and thus food availability) has a positive effect on the productivity of N. pachyderma (as Δ 18 O c w > Δ 18 O c ), whereas in the eastern North Atlantic seasonality exerts a negative effect (as Δ 18 O c w < Δ 18 O c ). We note that the considered seasonality effect could also play a key role in determining the true 18 O anomalies of inorganic calcite between H1 and LGM in the Greenland and Iceland Seas according to our model results (Figure 9c ). However, in the Irminger and Norwegian Seas the effect of seasonality is small between H1 and LGM, so that a sedimentary signal (provided that calcification occurs at the surface) should reflect the true magnitude of the isotopic (or temperature) change.
18 O c Based On MLD Temperatures Using MLD temperatures to determine the differences in the simulated 18 O c (productivity weighted and arithmetic annual averages) between H1 and LGM yields similar spatial patterns compared to assuming a constant calcification depth at the surface (cf. Figures 9d and 9e) . The dominating positive values of the simulated 18 O c values especially in the eastern North Atlantic (Figures 9d and 9e) indicate that even the subsurface ocean was colder during H1 compared to the LGM since the temperature at the MLD is the determining factor of the theoretical stable isotope values (cf. equation (3)).
For most of the North Atlantic (> 45 ∘ N) the seasonality in the primary production exerts a stronger positive effect on the productivity of N. pachyderma (as Δ 18 O c w > Δ 18 O c ) using MLD temperature estimates instead of SST estimates (Figure 9f ). This indicates that the seasonality effect is likely significant enough to play an important role in determining the magnitude of the isotopic change between H1 and LGM when assuming that calcification occurs at the MLD. The influence of the seasonality effect seems to be largest in the Nordic Seas with the simulated isotopic values exceeding 1.6‰ (Figure 9f ).
18 O c Based On Thermocline Temperatures The differences in the simulated 18 O c values between H1 and LGM assuming that carbonate precipitation occurs along the thermocline are both less positive and negative but almost similarly distributed as those based on a calcification occurring at the MLD (Figure 9 ). Most of the North Atlantic, except for the central subtropical gyre, is characterized with positive values of the difference in the simulated 18 O c that have been estimated using either the productivity weighted or arithmetic annual means (Figures 9g and 9h) indicating that there the LGM was warmer along the thermocline depth compared to H1.
The productivity of N. pachyderma is also positively affected by the seasonality in the primary productivity in most parts of the region of interest providing a calcification depth along the thermocline (Figure 9i ). However, the seasonality effect is less pronounced in comparison with the MLD estimates but nonetheless not negligible when reconstructing (surface) water properties.
At present it is assumed based on observational records that N. pachyderma calcifies between the surface mixed layer and a water depth of more than 200 m. This range in calcification depth supports our approach of using temperature estimates from different depths to analyze the effect of seasonality on stable isotope signals in N. pachyderma. Considering that carbonate precipitation occurs at the surface, at the mixed layer depth, or at the thermocline depth, our model results indicate that the seasonal cycle in the productivity of N. pachyderma likely leads to an underestimation of the freshwater (meltwater) effect in paleoceanographic reconstructions in large parts of the North Atlantic including the IRD belt (40 ∘ -50 ∘ N) [Ruddiman, 1977] and Nordic Seas. It is therefore necessary to consider not only the temperature (resulting in more positive 18 O anomalies of inorganic calcite) and freshwater (resulting in more negative 18 O anomalies of inorganic calcite) effects but also the seasonality effect to estimate the amplitude of the environmental changes from LGM to H1. However, the quantification of the exact calcification depth is also important to obtain the true magnitude of the isotopic change. To explain the observed negative anomalies in the 18 O values of inorganic calcite (Figure 8 ) in the IRD belt region, a strong negative freshwater effect, resulting from lighter isotopic signals due to the large meltwater discharge during H1 compared to the LGM, is needed to counteract the positive temperature and seasonality effects (cf . Table 4) . Hence, by neglecting the seasonality effect the freshwater effect will be underestimated when reconstructing past climate transitions.
Using a compilation of sediment trap data on fluxes of planktonic foraminifera, Jonkers and Kučera [2015] studied the determinants of the timing and strength of seasonal flux peaks. Based on the observed variability in flux seasonality, they concluded that changing seasonality during climate transitions should result in an underestimation of the actual magnitude of the environmental change recorded in fossil planktonic foraminifera. This conclusion is consistent with our findings. Our model successfully predicted the same kind of behavior in phenology as it is hypothesized from the observational data alone. Nevertheless, the potential existing bias in paleoceanographic reconstructions should further be assessed by combining changes in phenology with the inclusion of the depth dimension in the model. Based on isotopic analyses from specimens in surface sediments, Bé [1960] , Boltovskoy [1971] , Aksu and Vilks [1988] , and Hemleben et al. [1989] considered N. pachyderma to be a deep dwelling species as it was assumed 10.1002/2015PA002819 to grow and calcify below 200 m water depth. In contrast, during life the species has a shallower depth habitat with maximum abundance in the upper 100 m of the water column [Vilks, 1970 [Vilks, , 1975 Stehman, 1972; Carstens and Wefer, 1992; Kohfeld et al., 1996; Carstens et al., 1997; Volkmann, 2000; Pados and Spielhagen, 2014; Xiao et al., 2014] . This discrepancy indicates that the bulk of the shell calcification in this species and hence the locking of the ambient seawater signal occur below the surface. This is supported by observations of peak abundances of encrusted forms of N. pachyderma between 100 and 200 m [Kohfeld et al., 1996; Bauch et al., 1997] . This indicates that calcification more likely occurs at the MLD or thermocline depth than at the surface. Furthermore, this explains the better agreement of the distributional pattern between the simulated 18 O c values based on thermocline temperatures and the core-top data (cf. Figure 7) . Even where the living (and calcification) depth varies, N. pachyderma is unlikely to record surface (mixed layer) conditions. For instance, in the sea ice covered regions of the Arctic Ocean N. pachyderma follows the chlorophyll maximum and is constrained to shallower depths (<50 m) [Simstich et al., 2003; Pados and Spielhagen, 2014; Xiao et al., 2014] , but because of stronger stratification, the species still records subsurface conditions. In consequence, the freshwater proportion in surface waters cannot be fully reflected in the 18 O values of this species [Simstich et al., 2003] and the 18 O values of N. pachyderma likely provide an underestimation of the true meltwater signal of past climatic events (such as H1).
The apparently consistent subsurface calcification depth permits us to perform an analysis of the potential effects of changing seasonal production on isotopic signals in the region of interest. For this analysis we distinguish between a constant calcification depth at the surface, along the mixed layer, and/or along the thermocline and only explore the effect of a changing flux pattern on the resulting sedimentary signal. Under the assumption that the modeled climatic fields are correct and PLAFOM has correctly captured the phenology and pattern of production of N. pachyderma, we conclude that changing phenology combined with cooling at either the surface or subsurface (i.e., at the MLD or along the thermocline) would induce an average isotopic signature between western and eastern North Atlantic of about −0.42 ‰ for the surface, −0.32 ‰ for the MLD, and/or −0.47 ‰ for the thermocline estimates (see Figures 9a, 9d, and 9g) , which amount, respectively, to 21%, 16%, and/or ∼24% of the presumed H1-LGM anomaly [Cortijo et al., 1997; Roche et al., 2004; Hemming, 2004] without any freshwater being added to the system. Because the sign of the respective signal is negative when added to the isotopic gradient measured on fossil shells of N. pachyderma, it would enhance the reconstructed isotopic gradient further. This implies that under a realistic modeling scenario and knowing the true calcification depth shifting phenology in planktonic foraminifera can have a considerable effect on proxy records.
Conclusion
Using the planktonic foraminifera model PLAFOM, the distribution of N. pachyderma at geological time scales in the North Atlantic Ocean north of 30 ∘ N was simulated. In comparison with modern climate conditions N. pachyderma spreads farther south during the Last Glacial Maximum and Heinrich Stadial 1, during which N. pachyderma is also found along the Iberian margin. Overall, the simulated distribution pattern of this foraminiferal species compares well with fossil records for all three time slices considered in this study.
Our model simulation further suggests a shift in the phenology from the LGM to H1. During H1 the maximum production of N. pachyderma usually occurred later during the year compared to the LGM. In the western North Atlantic the maximum production month is shifted by up to 6 months, which can primarily be related to changes in sea ice cover and food availability. The change in sea ice formation and, hence, its influence on the onset of primary production seem to play the crucial role in determining the seasonal shift from the LGM to H1.
Paleoceanographic reconstructions of sea surface properties based on oxygen isotopes recorded in N. pachyderma could be biased due to the change in timing of the maximum production peak. However, the influence of primary production on the shift in phenology varies spatially in the North Atlantic. Wherever N. pachyderma is likely to calcify (at the surface or at depth), we find that the simulated changes in the seasonality from LGM to H1 have similar effects on the isotopic signature in the North Atlantic north of 30 ∘ N with parts of the subtropical gyre being less affected, whereas in the IRD belt and Nordic Seas the amplitude of the meltwater effect recorded in fossil shells of N. pachyderma is likely to be underestimated. According to our model results up to 24% of the presumed H1-LGM anomaly in the IRD belt could be attributed to a shift in phenology and simultaneous cooling depending on the calcification depth of N. pachyderma. 
Appendix A: Modifications of Competition Term
In PLAFOM the competition term of the mass loss equation is calculated as follows: (Table A1 ).
